Starch defines an insoluble semicrystalline form of storage polysaccharides restricted to Archaeplastida (red and green algae, land plants, and glaucophytes) and some secondary endosymbiosis derivatives of the latter. While green algae and land-plants store starch in plastids by using an ADP-glucose-based pathway related to that of cyanobacteria, red algae, glaucophytes, cryptophytes, dinoflagellates, and apicomplexa parasites store a similar type of polysaccharide named floridean starch in their cytosol or periplast. These organisms are suspected to store their floridean starch from UDP-glucose in a fashion similar to heterotrophic eukaryotes. However, experimental proof of this suspicion has never been produced. Dinoflagellates define an important group of both photoautotrophic and heterotrophic protists. We now report the selection and characterization of a low starch mutant of the heterotrophic dinoflagellate Crypthecodinium cohnii. We show that the sta1-1 mutation of C. cohnii leads to a modification of the UDP-glucose-specific soluble starch synthase activity that correlates with a decrease in starch content and an alteration of amylopectin structure. These experimental results validate the UDP-glucose-based pathway proposed for floridean starch synthesis.
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alveolate ͉ amylopectin ͉ amylose ͉ starch synthase G lycogen defines the most widespread form of storage polysaccharides found in archea, bacteria, and eukaryotes. It consists of ␣-1,4-linked glucan chains hooked together by ␣- 1, 6 branches that are distributed symmetrically within small-size hydrosoluble particles. Starch has the same basic composition but contains an heterogeneous mixture of amylopectin and amylose that aggregate into insoluble and semicrystalline granules of unlimited size. Amylopectin, the major fraction of starch, displays a distribution of ␣-1,6 branches distinctively asymmetrical, thereby allowing this aggregation. By contrast, amylose, which displays very low branching, is dispensable for starch granule formation. While glycogen is widely distributed in eukaryotes, starch is restricted to Archaeplastida (lineages descending from primary endosymbiosis of the plastid) and some secondary endosymbiosis derivatives of the latter. Plastidial starch is found in chloroplasts or amyloplasts of green algae and land plants (the Chloroplastida), while cytosolic starch is found in the cytoplasm of the red algae and glaucophytes (Rhodophyceae and Glaucophyta) and in the cytoplasm or periplast of their secondary endosymbiosis derivatives. The name ''floridean starch'' has been coined to describe this cytosolic accumulation of storage starch that was described in a particular group of red algae: the Florideophycideae (1).
We have recently proposed that in the common ancestor of the Archaeplastida, starch synthesis occurred in the cytosol. Cytosolic starch metabolism resulted from the merging of the storage polysaccharide pathways of the cyanobacteria-like endosymbiont and of its eukaryotic host, the former using ADP-glucose and the latter UDP-glucose as glucosyl-unit donors (2) . Some of the cyanobacterial genes involved in polysaccharide metabolism were transferred to the nucleus and expressed in the cytosol. Both ADP-glucose and UDP-glucose substrates were used in the cytosol for starch synthesis, which thus relied on a mixture of enzymes of cyanobacterial and eukaryotic phylogenies (2) . The maintenance of this dual substrate pathway was selected because it allowed for the export of ADP-glucose that was produced in the cyanobiont and its polymerization in the cytosol, thereby achieving the export of photosynthate and establishing the endosymbiotic link (2) .
When the three Archaeplastida lineages emerged from this common ancestor, starch was maintained in the cytosol in the glaucophytes and red algae, while it was redirected to plastids that had remained the site of ADP-glucose synthesis in the green algae (the Chloroplastida) (3, 4) . The enzymes that were used for elongation of starch in the Chlororoplastida thus relied on those that originally came with the endosymbiont, as these were better adapted to the use of ADP-glucose. On the other hand, we proposed that the glaucophytes and red algae synthesized floridean starch in the cytosol by enzymes of host origin that favored UDP-glucose.
If this proposal is correct, then there should be organisms that produce starch in the cytosol from UDP-glucose using a hostderived glucan synthase. To date there is circumstantial evidence that this is true because an enzyme activity that uses UDPglucose has been detected (5-9). However, there is no direct correlation between the function of this enzyme and the production of starch. In addition, other reports are suggestive of the presence of an ADP-glucose-based pathway in floridean starch accumulators (1, 10, 11) .
This paper provides the missing direct correlation by showing genetic linkage of loss of starch and modification of a UDPglucose-dependent glucan synthase activity in the model floridean starch accumulator Crypthecodinium cohnii.
Results
Selection of Starch Accumulation Defective Mutants. Colonies (50,213) that survived UV mutagenesis (at 20% survival) were screened through our iodine staining procedure. A total of 97 mutants were selected, and 32 had a confirmed defect in starch accumulation (Fig. S1 ). The vast majority of these confirmed mutants (29 out of 32) displayed a yellow phenotype easy to distinguish from the dark blue-black stain of the wild-type. This yellow phenotype correlates with a minimum of 80% decrease in polysaccharide amounts. The three remaining mutants displayed either a red color (strains PP107 and PP406), when sprayed with iodine, or a greenish taint (PP45), suggestive of specific defects, respectively, in amylose and amylopectin synthesis. They accumulated intermediate polysaccharide amounts (between 20 and 90% of wild-type amounts) and will be described elsewhere.
Preliminary Biochemical Characterization and Selection of Strain
PP314. The predominant ''yellow'' class of mutants was subjected to preliminary biochemical characterization. This consisted in zymogram assays of enzymes of starch metabolism. Four types of activity gels were used (8); these consisted of glycogen-containing polyacrylamide gels incubated with glycosyl-nucleotides (either ADPG or UDPG) or with glucose-1-P to monitor starch synthase and starch phosphorylase, respectively. In addition, starch hydrolases (amylases, glucosidases) and other type of glucan transferases (branching and debranching enzymes, ␣-1,4 glucanotransferases) can be evidenced in amylopectin or starch containing polyacrylamide gels incubated in buffer without hexose-P or glycosyl nucleotides. In these conditions, the color displayed by the iodine-stained bands will be suggestive of the type of activity revealed (pink for branching enzyme, white for branching enzyme, amylase or glucosidase, blue for debranching enzymes, dark red for ␣-1,4 glucanotransferases). Only one strain (PP314) repeatedly displayed a strong modification of zymogram pattern. The latter consisted in the replacement of the two fastest migrating bands evidenced in the wild-type reference by a single slower band (Fig. 1A ) on glycogencontaining gels incubated with UDP-glucose. This observation was accompanied in crude extracts by a 40% reduction in total assayable UDP-glucose-specific soluble starch synthase activity. We checked all other assayable activities and saw no consistent modifications in other enzyme activities suspected to be involved in starch metabolism (Table S1 and Fig. S2 ). We therefore embarked on a more detailed genetic and biochemical characterization of the soluble starch synthase defect of strain PP314.
Physiological Characterization of Starch Accumulation, Structural
Characterization of the Residual Mutant Starch. Most yeasts and bacteria accumulate glycogen while approaching stationary phase. Unlike most microorganisms, C. cohnii accumulates storage polysaccharides during early log phase in 1.5% glucose-containing medium, which we have proposed (5) to reflect adaptation of dinoflagellates to a phagotrophic way of life in an otherwise oligotrophic environment (the ocean). They are indeed expected to face sudden burst of nutrients as they ingest prey and are required to rapidly store the bulk of the surplus energy. Inoculation of heterotrophic dinoflagellates in high glucose medium may mimic such bursts. Growth curves and starch accumulation patterns are displayed in Fig. 1B . A 90% decrease in starch amounts relative to the wild-type was scored in liquid-rich medium during log phase. While the wild-type cultures displayed a sharp decrease in starch content as it entered stationary phase, the mutant did not show a comparable decrease and reached a similar very low starch content at the end of stationary phase.
Starch was purified from late log phase wild-type and mutant PP314 cells. The granules were dispersed, and the constituent polysaccharides were separated through gel permeation chromatography. Amylopectin, the high mass component of starch is typically excluded from such columns, while the smaller amylose fraction is clearly separated from the latter and displays a heterodisperse size distribution. The mutant starch was selectively enriched in amylose, which defined 50% of the total starch, while the wild-type accumulated up to 30% of this fraction (Fig. S3) . However, on a cell basis, the total amylose content was not modified, taking into account the reduction in starch amounts of the mutant. However, the reverse applies to amylopectin, whose reduction is exacerbated on a total cell basis (70-80% reduction). The color of the iodine polysaccharide interaction is known to depend on the lengths of the glucan chains. The maximal wavelength of the iodine polysaccharide of amylose (max) was not significantly modified. However, we did record a significant 10-nm increase in the max of amylopectin. We confirmed this modification in amylopectin structure by examining the chain-length (CL) distribution of the wildtype and mutant starch by capillary electrophoresis (CE) of enzymatically debranched chains (Fig. 2) . In this technique, the branches are selectively hydrolyzed by an isoamylase. The debranched chains are labeled by fluorescence at the reducing end, thereby yielding the same amount of fluorescence irrespective of their size. The chains are separated by CE, achieving a clear separation for each type of chain differing by as little as one glucose residue up to a degree of polymerization of 70. The CL distribution is thus yielded by detection and quantification of the fluorescence. With this analysis, a decrease in chains ranging between 14 and 30 glucose residues in length was recorded and accompanied by a relative increase in chains ranging between 5 and 13 glucose residues. This modification in amylopectin CL distribution was not restricted to the outer chains of the polysaccharide. Indeed we selectively hydrolyzed such chains through the use of ␤-amylase and subjected the residual polysaccharide to the same enzymatic debranching and CE analysis of the debranched chains. ␤-Amylase selectively digests chains from their reducing ends and stops two to three residues from the ␣-1,6 branch, leaving the core structure with very short external branches. Results displayed in Fig. 2 C and D show that the inner core structure of the polysaccharide was also modified. To assess the consequences of this modification of starch structure on the crystalline packing of the glucan chains, we examined the wide-angle X-ray diffraction (WAXD) pattern of the mutant and compared it to the wild-type. Starches come into two distinct WAXD patterns that correspond to two different elemental packing structures of double helical glucans. A-type diffraction patterns are found in cereal endosperm, plant leaf, and green algae starches. B-type patterns are typical of tuber starches and of starches of high amylose mutants of cereals and algae. While wild-type C. cohnii displayed a pure A-type WAXD pattern (5), the PP314 mutant displayed a mixture of A and B patterns often defined mistakenly as a third C-type diffraction pattern (Fig. S4) . Finally we examined starch granule shapes and sizes by scanning electron microscopy on purified granules (Fig. 3) . The mutant granule size distribution was more heterodisperse than that of the wild-type. In addition, while wild-type granules appeared ellipsoidal and smooth (Fig. 3A) , the mutant starch granule morphology was distinctively altered with a large number of angular, elongated, and sometimes fused granules (Fig. 3B) . These alterations are reminiscent of those seen in Chlamydomonas-soluble starch synthase mutants (12, 13) .
In summary, PP314 displayed a strong reduction in amylopectin content with a significantly modified structure. We can reasonably speculate that the altered starch synthase activity was mostly responsible for the synthesis of the missing amylopectin chains.
Genetic Analysis of the sta1-1 Mutation. To ensure that the defects in starch structure, polysaccharide amounts, and soluble starch synthase activity resulted from mutation of the same single gene, we embarked in cosegregation analysis of the latter with the genetic defect present in strain PP314. C. cohnii displays a homothallic haplontic life cycle, where the selection and analysis of stable diploid clones is not technically feasible. However, we have recently revisited techniques allowing for gametogenesis, fertilization, and production of meiotic recombinants. In a first step of our analysis, we introduced the can r 1-1 marker mutation conveying resistance to 200 g/mL canavanine by mixing gametes of PP314 with the CAN1 strain. We obtained 3% of our canavanine-resistant clones that simultaneously failed to stain with iodine and therefore appeared yellow, while no such clones were obtained on a total of Ͼ1,000 colonies tested when CAN1 was mixed with the ALB strain. This strain displays an albino phenotype, but is otherwise wild-type for starch accumulation. The low starch canavanine-resistant recombinant strain RB1 was then mixed with the ALB strain, and the albino canavanineresistant recombinant population was analyzed. This enabled us to analyze segregation of the starch accumulation defect in a pure recombinant sample population without contamination by unfused parents. A total of 80 such colonies were stored and subjected to phenotypic characterization. Two discontinuous classes of phenotypes were recorded: 42 Cell patches corresponding to strains accumulating between 80 and 120% of our standard wild-type reference stained black with iodine while 38 strains accumulating from 10-30% of the wild-type amounts stained yellow with iodine. Thirty recombinants were subjected to zymogram analysis (Fig. 4) . Among these 30 strains, all low starch recombinants displayed the modified starch synthase zymogram pattern of PP314, while all wild-type recombinants displayed that of our wild-type reference C. cohnii strain. To monitor cosegregation of the starch synthase defect with the alteration in amylopectin structure, we subjected a random sample of the starches purified from three mutant and three wild-type recombinants to the same detailed structural characterization reported above. All three mutants displayed a high amylose content and the same modification in amylopectin CL distribution. These modifications were identical to those evidenced in strain PP314. Taken together, these results prove that PP314 carries a mutation (sta1-1) that behaves as a single Mendelian defect upon crossing. The sta1-1 mutation is responsible for a decrease and modification in UDP-glucose-specific soluble starch synthase activity, which in turn results in a specific decrease in amylopectin synthesis. This decrease is accompanied by significant modification of the structure of both external chains and the internal core of the polysaccharide structure, which in turn is responsible for a modification of the crystalline organization and of the shape and size distribution of the polysaccharide granules.
Biochemical Characterization of the Mutant Soluble Starch Synthase
Activities. To further confirm that the mutant strain contained modified soluble starch synthase activities, we tried to separate the three major activities visualized in crude extract zymograms following the procedure established previously for wild-type strains (5) .
The first step took advantage of the difference in affinities for ␣-glucans observed for each starch synthase isoform on zymograms, with the slowly migrating form having more affinity. It consisted of affinity chromatography on an amylose column. In the wild-type, the slowly migrating starch synthase was retained on this resin, while the fast-migrating form was found back in the low-affinity fraction of the protein mixture allowing further characterizations of the two semipurified fractions (5). The same procedure using a mutant strain crude extract revealed once again a modification of the starch synthase activities in PP314. We were able to detect two different starch synthase activities retained on the amylose column, the slowly migrating form as it was assessed in a wild-type but also a faster migrating isoform (Fig. S5) , which however migrated slower than the two wild-type low affinity isoforms. However, a part of this faster-migrating isoform was still found in the unretained fraction, a majority of this activity was coeluting with the slowly migrating isoform. Several chromatographic procedures were tried to separate the two major starch synthase activities (the high and low affinity activities) in the mutant background (anion exchange HiTrapQ column, Gel permeation S300 column), but we always observed coelution of both activities. These results are consistent both with either the selective loss of a particular enzyme or enzyme subunit in PP314 or with the posttranslational modification of starch synthase activities.
Discussion
That heterotrophic eukaryotes polymerize glycogen from UDPglucose was proved beyond doubt by mutant selection and biochemical analysis in yeasts, fungi, and animals. Similarly, the isolation of starchless or glycogenless mutants of plants, green algae, and bacteria prove that the latter use ADP-glucose only to polymerize their storage polysaccharides. However, the status of floridean starch synthesis was unclear, and experimental reports supporting either an ADP-glucose-or an UDP-glucosebased pathway have appeared (1) . To bring functional evidence with respect to this and other issues concerning floridean starch synthesis, we engaged in the selection of mutants defective for the synthesis of such polymers. In our opinion, the only organism among floridean starch accumulators that seemed amenable to such a functional approach consisted of the unicellular heterotrophic dinoflagellate C. cohnii (5) . Indeed, Ͼ30 years ago, two research groups published the selection of a number of adenine, guanine, or cytosine auxotrophs and of mutants defective for either cell motility or carotenoid biosynthesis in this species (14) (15) (16) (17) . None of these mutants were sufficiently characterized to uncover a specific biochemical defect, but they were instrumental in setting up conditions for gametogenesis, crossing, and recombinant selection in this model homothallic dinoflagellate species. Nevertheless, these pioneering studies were not pursued, and the original mutants were lost. Moreover in our hands, the different gametogenesis techniques detailed by these two groups failed to trigger the sexual cycle of our reference strain. We have recently reinvestigated this issue and set out to select for mutants defective for floridean starch metabolism in C. cohnii (5) . We now describe a low starch mutant of this dinoflagellate species that displays reduced and altered UDP-glucose-specific soluble starch synthase activity. This establishes an UDP-glucose-based pathway for f loridean starch synthesis and describes a dinoflagellate mutant with an identified biochemical defect. The existence of such a pathway is consistent with the idea that in the ancestor of the Archaeplastida, both ADP-glucose and UDPglucose pathways were indeed operating to generate cytosolic starch. This dual pathway was essential in establishing the connection between the eukaryotic host and its endosymbiont. Bioinformatic mining of genomic resources identifies candidate genes for enzymes of glucan elongation in some floridean starch accumulators. These genes are related to sequences found in many diverse nonphotosynthetic eukaryotes where they are thought to be used for glycogen metabolism. According to the CAZy classification (18) , the candidate genes encode a GT5-type of glycosyl transferase, which is quite distinct from the intensively studied GT3-type of glycogen synthase known to polymerize glycogen from UDP-glucose in animals and fungi. Both the function of the putative eukaryotic GT5 glycogen synthases and their substrate preferences remain to be ascertained.
The primitive status of genomics and the typical very large size dinoflagellate genome of C. cohnii prevented us from identifying candidate soluble starch synthase genes. Despite the finding of GBSSI-like sequences, we were unable in addition to locate GT5 or GT3 soluble starch synthase-like sequences in Crypthecodinium or other dinoflagellate EST resources. Anyhow, it is quite possible that STA1 does not code the altered starch synthase activity. Indeed in yeast, low glycogen mutants were selected through an analogous mutant screen by forward genetics. The vast majority of mutants selected encoded components of the cell signal transduction machinery that included protein kinases and phosphatases and not the structural genes of enzymes of the glycogen pathway (19) . Comparable elements had been known for years to regulate mammalian glycogen metabolism. The altered mobility and kinetics of the modified starch synthase could be interpreted along similar lines.
Materials and Methods
Generation of a Mutant Bank of C. cohnii Defective for Starch Metabolism and Iodine Screening. The algal C. cohnii strain ATCC40750 was grown and maintained in the dark at 27°C in liquid and solid rich medium, respectively (5). The UV mutagenesis was performed using a Transilluminator UV LightBox (UV Products) at 302 nm. Colonies were selected through spraying with iodine vapors as detailed in ref. 5 . The resulting iodine staining depends on both the amount and composition of the storage glucans. The iodine-polysaccharide complex develops a color depending on the constituent CLs giving a weak brownish color for glycogen and a purple to green stain for, respectively, amylopectin and amylose (20) . This procedure allows the identification of low starch amount accumulating strains (yellow), of strains containing starch enriched in amylose (greenish), or accumulating amylopectin only (purple-red).
Cell Crossing. Crosses were obtained by simply mixing the same amount of the two parental strains that had just reached stationary phase in MLH medium (5, 21) at 15°C.
Starch Synthase Zymograms, Enzymatic Assays, and Partial Purification Procedures. The procedure used to detect starch synthase activities on rabbit liver glycogen containing polyacrylamide gels or to assay the enzymatic activity from algal crude extracts has been already detailed in ref. 5 . Briefly, the proteins from a crude extract were separated by electrophoresis in native conditions at 4°C, and the gels were incubated in the presence of UDPglucose. The staining of the polyacrylamide gels with iodine allowed the detection of dark bands corresponding to the elongation of the outer chains of the embedded glycogen by starch synthase activities. The starch synthase activities in crude extracts were monitored by incubating 20 to 100 g proteins in the presence of radiolabeled UDP-glucose as described in ref. 7 . The partial purification of starch synthase activities from both wild-type and mutant crude extracts were carried out from 2-L algal cultures in midlog phase. The crude extracts were subsequently loaded onto an amylose affinity followed by anion exchange columns using the settings described in ref. 5 . The presence of the different starch synthase activities in the semipurified fractions obtained was assessed by zymogram analyses.
Starch Amount Assay and CL Distribution Analysis. Crypthecodinium cultures (1 L) were inoculated at 25,000 cells/mL with midlog phase liquid precultures of known cell density. The starch determination was performed on 50-mL samples of these cultures following the protocol described elsewhere (5) . The amount of starch accumulated was assessed Ͼ12 days of growth. The starch amount was measured with respect to the culture volume. This value was also adjusted to cell numbers. Cell counts were determined using a Coulter particle counter. Separation of amylose and amylopectin was performed using 15 mg purified starches onto a CL-2B gel permeation column as described in ref. 7 . The GPC-purified amylopectins were enzymatically debranched with 10 units Pseudomonas amylodermosa isoamylase (Hayashibara Biochemical Laboratory) at 42°C for 12 h. The glucose chains obtained were labeled with 8-amino-1,3,6-pyrenetrisulfonic acid, and the CL distribution determined by CE (22) . For the determination of the inner core CL distribution, the same procedure was followed, except that the amylopectins were first digested with 17 units ␤-amylase from sweet potato (Sigma) in 55 mM sodium acetate, pH 3.5, for 4 h at 30°C before debranching by isoamylase.
Scanning Electron Microscopy. Dilute starch granule suspensions were allowed to dry on freshly cleaved, glow discharged mica discs glued on copper stubs. The samples were coated with Au/Pd and observed in secondary imaging electron mode with a JEOL JSM-6100 microscope operating at 15 kV.
Wide-Angle X-Ray Diffraction. An aliquot of starch granules was centrifuged and the resulting slurry was poured into a 0.7-mm-wide glass capillary. The capillary was sealed, placed in vacuum, and X-rayed with a Ni-filtered CuKa radiation ( ϭ 1.542 Å), using a Philips PW3830 generator operating at 30 kV and 20 mA. WAXD patterns were recorded on Fujifilm imaging plates, read with a Fujifilm BAS-1800II bioimaging analyzer. Diffraction profiles were calculated by radially integrating the intensity in the twodimensional patterns.
